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ABSTRACT

In addition to the intense and highly variable aurarél kilo-
metric radiation the earth also radiates a weak non-thermal continuum
from energetic electrons in the outer radiation zone. The intensity
of this continuum radiation decreases with inereaging frequency and
is vsually below the cosmic noise level at frequencies above 100 kHz.
In this‘baper we show that the frequency spectrum of the continuum
radiation consists of two components, a trapped component, which is
permanentl& trapped within the magnetosphere at frequencies below
thé golar wind plasma frequency, and an escaping componeﬁ't which
rropagates freely away from the esrth at frequencies ahove the solar
wind plasma frequency. The low frequency cutoff of the continuum
radiation spectrum is at the local electron plasma frequency, which
can be as low a3 500 Hz in the low density regions of the distant
magnetotail.

Direction finding measurements énd‘measurements'of the spatial
distribution of intensity for both the trapped and freely escaping

- components are used to determine the region in which the continuum
radiation is generated. These measurements all indica':l:e that the
continuum radiation is generated in g broad region which extends
through thé morning and early afternoon from about 4.0 hours to 1k4.0

hours local time immediately beyond the plasmapeuse boundary. In contrast



to the auroral kilametric radiastion, which is generated in the high
latitude auroral-zone regiéns, the continuum.radiation appears to

be generated over a broad range of latitudes, including the magnetic
equator. 1In some cases the continuum radistion appears to be closely
associated with intense bands éf‘electrOStatic nolse which are ob-
served near the electron plasms frequency ét the plﬁsmapause. Pogsi-
ble mechanisms by which this radiation couid.be generated,kincluding

gryo-synchrotron radiation from energetic electrons in the outer

radiation zone, are discussed.



I. IRTRODUCTICN

Brcﬁn [1973] using radiq measurements from the IMP-6 satellite
has identified a weak continuum component o thé radiation coming
from the earth's magnetosphere in ﬁhe.frequency range from about 30 kHz
to 110 kHz. The intensity of this continuum radiation decreases
rapidly with increasing frequency, varying approximately as f_2'8 '

(f = frequency), and is usually below the cosmic noige level at
ffequencies above about 100 kHz; The low frequency limit at sbout

30 kHg is apparéntly caused by the propagation cutoff at the local
plasms, frequency in the solar wind. Frankel [1973] hae also studied
this radiation aﬁd concludes that the noisé is produced by gyro; |
synchrotron radiation from energetic electrons in the outer radiation
zone. )

Gurnett and Shaw [1973] have also identified another scomewhatb
more intgﬁse continuum component at even lower frequenéies, from ahout
5 kHz to 20 kHz. This continuum radiation occurs at frequencies
below the solar wind plasma frequency and is permanently trapped
within.the low density fegions of the magqetospheric cavity. .The
purpose of this paﬁer is to investigate the basic features of the
non—the:mal contiguuﬁ radiation from the earth's magnetosphere using
radio and plasma wave measurements from the IMP-6 and IMP-8 satellites.

We show:that the continuum radiation reported by Brown [1973] and the



trapped radiation reported by Gurnett and Shaw [1973] are simply
different portions of a single non-thermal continuum spectrum which
extends from frequencies as low ag 500 Hz to greater than 100 kHz.
Direction finding measurements and spatial surveys of the intensity
of this radiation are used to determine the region of the magneto-
sphere in which the noise is generated.

The data analyzed in this study are obtained from the Univer-
sity of Towe. Plasma wave experiments on the IMP-6 and IMP-8 satellites.
The IMP-6 spacecraft is in a highly eccentric orbit with initial
perigee and apogee geocentric radial distances of 1.04 Re and 33.0 Re’
respectively, orbit inclination of 28.7 degrees, and period of 4.18
days. The IMP-8 spacecraft is in a low eccemtricity orbit with
initial perigee and apogee geocentric radial distances of 23.1 Re
and 46.3 Ry» iespectively, orbit inclination of 28.6 degrees, and
period 11.98 dayé. The IMP-6 measurements are particularly useful
for studying the radial dependence of terrestrisl radio emissions over
8 very wide range of radial distances,'whereas the IMP-8 measurementsg
ére partiéularly ugseful for obtaining a rapid survey of all locgl
times at a roughly éonstant radial distance.

The plasma wave experiments on both spacécrafts are designed
to make measurements over s very broad.frequéncy fange; 20 Hz %o
200 kHz for IMP-6, and 40 Hz to 2.0 MHz for IMP-8., Both experiments
usél"long" electric dipole antennas, 92.5 meters tip-to-tip for IMP-6
and 121.5 meters tip-to-tip for IMP-8, vwhich are extended outwerd

perpendicular to the spacecraft spin axis. The spin axes of both



spacecrafts are oriented very nearly perpendiculsr to the ecliptic
plane.. Further technical details of these experiments are given by

Gurnett and Shaw [ 1973] and Gurnett [1974].



II. CHARACTERTSTICS OF THE NON-THERMAL CONTINUUM

The term continuum, as used in this paper, refers to radiation
which has a smooth moﬁotonic frequency spectrhm extending over a
frequency range of several octaveé with an essentially constant in~
tengity on a time scale of a few hours or less. Non-thermal continuum
radiation from the earth's magnetosphere is difficult to detect
because the radiation is very weak, only slightly above the noise level
of the IMP-6 and IMP-8 plasma wave experiments, and is often masked by
other inténse ragdio and plasma wave emigssions which accur in the zame
frequency range. Auroral kilometriec radiation [Gufnett, 1974], which
occurs in the frequency range from about 50 kHz to 500 kHz, often
has inten91ties 60 db to 80 db above the level of the qulescent con-
tlnuum. Electrostatic plasma wave turbulence in- the magnetosheath
and bow shock electron plasma oscillatlons in the salar wind, and
type III radio noise bursts also frequently interfere wi;h measurements
of the continuum radiation. Measurements of the non-thermal continuum
‘radiation from the earth's magnetosphere must, therefore, be carefully
selected to avold contamination fram other sowrces.

A typlcal IMP-B measurement of the continuum radlatlon 1s
1llustra¢ed in Flgure 1. The outputs from 16 channels of the electric
field spectrum analyzer are shown for a 24 hour period in which the

spacecraft is located in the solar wind at a geocentric radial



distance of sbout 42.0 Re and a local time of about 17.5 hours. The
ordinate for each frequency channel is proportiomal to the logarithm
of the electric field amplitude in that frequency chamnel. The inter-
val from the baseline of 6ne channel to the baseline of the next
higher channel represents a dynamic range of lOQ db. The vertical
bars, which make up the black portion of each plot, indicate the
amplitude averaged over a time interval of 163.48 seconds and the
dots indicate the maximum amplitude over the same time interval.
Throughout this 24 hour period meny intense bursts of auroral kilo-
metric radiation are evident in the higher frequency.channels. Only
one brief period, from about 1005 UT to 1115 UT, occurs during which
the intensity of the auroral kilometric radiation is sufficiently’ low
to permit an-accurate measurement of the spectrum_of the quiescent
continuum radiation. During this period the average noise.level iﬁ
all channels is egsentially constant. The noise levels in the 22.0
kHz to 178.0 kHz channels are, however, slightly above the receiver
nolse 1evé1. Spin modulation meagurements during this period show
that the radiation detected in these channels is coming from the
vicinity of the earth. The frequency spectrum of this radiation has
a distinet peak in the 22.0 kHz channel and decreases in intensity at
higher fregquencies. No radiation is Qetectable coming from the
direction of the earth above 178.0 kHz or below 22.0 kHz. The
relatively high constant noise level evident in the 2.0 MHz channelr
is the galactic background. |

Another example in which the specfrum.of the non-thermal

continuum is clearly evident in the IMP-8 data is illustrated in



Figure 2.-'In this case the spacecraftlis in the distant magnetotail
at a geocentric radial distance of about L41.0 Re and a local time of
about 23.5 hours. At high frequencies the spectrum of the continuum
radiation is qualitatively similar to the spectrum ¢bserved in the
solaf wind, however in fhis case the radiation extends down to a
frequency of about 5.60 kHz which is cqnsidérably below the eutoff
frequency observed in the solar wind. At the lower frequencies,
where no auroral kilometric radiation is present, it is evident that
the continuum radiation exists with an eésentially constant amplitude
throughout the magnetotail. In same cases, such as at sbout 1400 UT,
the spectrum of the continuuﬁ radiation extends down to frequencies
as low as 562 Hz.

To illustrate the general character of the continuum spéctrum
at different péints around the earth Figﬁre 3 shows five gpectrums
selected at various representative local times. Four of these
spectrums were obtained in the solar wind aﬂd one, in the center
panel, was obtained in the distant magnetotail. The spectrums in the
solar wind all show the same basic characteristics, cdnsisting of =
monotonic decrease in intensity with increasing frequency and s sharp
cutoff near the solar wind plasme frequency, at about 20 kHz to 30 kHz.
These spectrums are in good qualitative and gquantitative agreement
with the continuum radiation spectrums reported by Brown [1973] ané
Frankel [1973]. The spectrum in the magnetotail shows the same basic
characteristics as the trapped electromagnetic radiation described by

Gurnett and Shaw [1973), consisting of a flat peak extending from about
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5 XHz to 20 kHz, a shafp 1§w freqﬁency cutoff at the local electron
-plasma frequency, and a rapidly decreasing intensity above 20 kHz.
In comparing the continuum radiation speétrums obtained.iﬁ the solar
wind and in the magnetdtail‘it is evident that the spectrums are nearly
identical at all frequencies sabove the propagation cutoff at the solar
wind plasma frequency. This similarity strongly suggests that the
noige in both regions comes from the same sburc; and.fhat Ehe spectrum
obgserved in the solar wind represents that portion of the continuum
radiation which can escape into the solar wind above the solar wind
plasma frequencj. |

| The relationship between these various spectrums is summarized
in Pigure 4, which shows representative'spectrums for the galactic
_ continuum, the very intense and highly variable auroral kilometrie
fadiation, and the relatively steady non-thermal continuum radiation.
The spectrum of the continuum radiation cﬁn be divided into two
components, a trapped component, which is permanently trapped within
the magnetospheric cavity at frequencieg below the solar wind plasms
frequencﬁ, and an escaping component, which can propagate freely
away from the earth at frequencies above the solar wind plasma fre-
quency . This cateogrization of the_varibus radio emission spectrums
of fhe earth should not be regarded final since it is virtually
certain that other weak, but possibly significant, components may also
exist. For example, a small but distinet peak is evident at shout
178 kHz in all the spectrums shown in Figure 3. It is not known whether
“this pédkris agsociated with a distinetly different source, as suggegted
by Kaizer and Stone [197h41, or simply represents a quiescent level

- of the auroral kilometric radiation.
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III. THE TRAPPED COMPONENT

A, Direction Finding Measurements

The distinction between the trapped and free escape components
of the non-thermal continuum is rarticularly evident in the direction
finding measurements of this radiation. Since the spin.axes of both
IMP-6 and IMP-8 are perpendicular to the ecliptic plane, with the
electrie dipole antenna axis perpendicular to the spin axis, the
position of a radio source in the ecliptic plane ca# be determined
from the spin modulation of the observed signal stréngth. " The null
direétion, 5, and modulation factor, m, are determined by fitting

to the normalized field strength, E/E,. The angle, 6, is the
azimuthal orientation of the antenna with respect to the satellite-
earth line. The detailed procedures used to compute the best fit
values for & and m are discussed by Kurth et al. [1975].

A typical get of direction finding measugements obtained by
IMP-8 in the distant magnetotail are shown in Figures 5 and 6. In
each case the trapped contipuum radistion iz evident at low frequencies,

less than about 50 kHz, and auroral kilometric radiation is evident
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gt high frequencies, greater than 50 kHz. The null direction, &,
measured positive eastward with respect to the spacecfaft-earth line,
is shown és a function of freqﬁency in the Eottom panel of each
figure. At high frequencies, above sbout 30 kHz, the null directions
of both the continuum radiation and the suroral kilometric radiation
is within few degrees of the direction to the earth. At frequencies
below about 30 kHz a distinet shift in the null direction away from
the earth is evident. In both cases, ome in the late evening (IT =
22.5 HE.) and the other in the early morning (LT =.1.8 Hr.), the null
directiOn shifts toward the sun at frequenciés below about 30 kHz.

A corresponding decrease in the modulation factor also occurs at this
frequency, from m = 0.8 at frequencies above 30 kHz to m =~ 0.2 at
frequencies below 30 kHz. The frequency st which this transition

- occurs corresponds clogely with the solar wind plasma frequeﬁcy as in-
dicated by the vertical dashed line labeled "fp solar wind" in
Figures 5 and 6. The solar wind plasma freguency measurements were
obtained from the Los Alamos solar wind plasme experiment on the IMP-7
spacecraft [personal coﬁmunication, M. Montgomery, 197h]. IMP-7 was
located in the solar wind upstresm from the earth at the time that the
measurements in Figures 5 and 6 were made. The shifts ip-the nuli‘di-
rection and modulstion factor at approximately the solar wind plasms
frequency evidently correspond to the transition from the free escape
to the trapped regimes illustrated in Figure 4. The tendency for the
null direction of the trapped conﬁinuum radiation to lie albng the

earth-sun line is a general charagcteristic of all the IMP-8 direction
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finding measurements in the distant magnetotsil. This depéndénce is
iilustrated:in Figure 7 which shows a series of null direction meas-
urements made at 16.5 kHz during three IMP-8 passes through the distant
magnetotail. The null direction is seen to closely follow the sun
direction, except for a slight deviation toward the earth near the

magnetopause boundaries, which oceur at about $ = 140° and 220°

GSE
during these passes.

The shift in the null direction near the solar wind plasma
frequency and the tendency for the null direction of the trapped
continuum fadiation to be aligned along the earth~sun'1ine'can be
explained fram simple propagation considergtions. Since radiation at
frequencies below the magnetosheath plasma frequency is reflected at
the magnetopause the swface of the magnetopause apparently acts as
a large parabolic reflector, directing radiation from near the earth
into the magnetotail as illustrated in Figure 8. Because the direction
finding measurement responds to the average source position the null
direction tends to 53 aligned along the eérth-sun line in the
distant magnetotail. There is, of course, the question to what extent
the magnetospheric cavity acts as a perfectly lossless cavity. If
the cavity has an extremely high "Q" then the radiation would be
expecfed to be isotropic since multiple reflections would rapidly
randomize the radistion and no spin modulation would be evident.

Since g significant and esmsily deﬁectable level of spin modulation
(m = 0.2) does exist it is concluded that a sizable flux of radiation

is lost into the downstream tail region, resulting in a relatively low
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Q fo& the cavity. Further evidence that the Q of the cavity is quife
smail is-given by the fact that the iﬁtensity of the con£inuum radiation
4increases only slightly_(possibly a factor of two) as the frequency
changes from the free escape to the trapped.régime. Thus, there is
relatively 1ittle build up of the radiation intensity within the
_cavity due to multiple reflections. Note that the transition from

the trapped to free escapé regime is actually no%t an abrupt transi-
tion since the magnetosheath plasmg frequency varies from approximately
the solar wind value in the downstream reglon to spproximately twice
this value at the stagnation point. Also, same feflection of
scattering of the incident radiation may occur in the magnetosheath,.

even at frequencies above the local plasma frequency.

B. Spatial Distribution of Intensity

To understand the origin of continuum radiation we must first
.establish-tﬁefregion in which the noise is generated. Unfortunstely,
Tor fhe frappéd.ébmponent, direction finding measurements do not pre-
vide much'useful infqrmation on the gource location because of the
‘complicated.réflectidnsrwhich occur at the magnetopause. We have there-
fore investigated.the sﬁatial distribution'pf the intensity of the
trapped continuum to try to determine the source regién. Because the
intensity of the trapped continuum radiation undergoes long term
temﬁoral fluctuﬁtions on the order of 10 db [see Gurnett and Shaw, -
1973] a large number of measuréments must be used to dbtain‘a réliable

gpatial distribution. Three years of IMP-6 data, totaling about

800,000 intensity measurements (163.48 second averages), are used in
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this study. Since it is impossible to manually identify the continuum
radiation for such a large number of measurements a criterion was
deviged to provide computer identification of the trapped continuum
radiation._ The criterion used ig to réquirerthat the ratio of the
peak to averdge field strength in each 163.48 second period not
exceed 1.2 and that the éverage difference between adj#cent peak field
strength not exceed 1 db. This criterion eliminstes imﬁﬁlsive noise
‘bursts such as whistlers, chorus, and magnetosheath electrostatic
furbulence. The eriterion was tested mamnually on several orbits and
has been verified to provide correct identification of the trapped
contimium radiation with a very high degree of confidence. The 16.5.
kHz channel was chosen as representative of the trapped continuum
radiation. This frequency wasg éhosen-because it is almost always
below the solar wind plasma frequency and yet above‘the local plasma
frequency ingide the magnetospheric cavity. The measured intensities
in fhis chanﬁei‘were average in blocks defined by 16 radial digtance
intervals from 1.0 R, to 39.8 R, and 12 local time intervals from
0.0 Hr. to 24.0 Hr. The results of thig averaging procedure are.
ghown in Figure 9.

. The intensity of the continuum radiation at 16.5 kHz ig seen to

be remarkably constant at a level of about 0.5 to 1.0 times 10“18

n~2 Hz L, As expected, a sharp cutoff is evident at radial distances

watt

corresponding to the magnetopause and plasmapause boundaries. Although
- the intensity is constant over a large region of the magnetosphere a

digtinect maximum) considerably above the statistical uncertainty in
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the average computation and approximately é factor of two above'ﬁhe
overall average, occurs in the local time range from 4.0 hours to 4.0
hours and in the radial distance range from 5.01 Re to 7.9% Re'

 The existence of this maximum can also be verified by direct comparison
of individual passes throﬁéh thig region with ﬁasses through other
regionsg of the magnetosphere. Although the interpretafion of this
intensity distribution is greatly complicated by the many reflections
and.cdmplicated,ray paths which can occcur within the magnetospherie
cavity (thereby accounting for the nearly uniform intensity distri-
‘bution) the existence of a distinet region of maximum intensity strongly
suggests that a major fraction of the trapped continuum radiation is

. generated within this region;
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IV. THE ESCAPTNG COMPONENT

- A. Direction Finding Meggurements

Direction finding measurements of the escapiﬁg continuum radia-
tion provide a much bettef method of determining the source region of
the continuum radietion since this radiastion propagates directly to
the spacecraft without reflection at the magnetopause. The 56.2 kHz
frequency channel has been chosen to perform direction finding megsure-
ments of the escaping cbntinuum radiation. This frequency is chosen
because it is usually below the frequency range of the intense auroral
kilometric radiation, which often masks the weak continuum fadiatiqn,
and yet well above the plasma frequency ndrmally encountered in the
magnetosheath and solar wind. |

‘A total of 184 intervals, each from 1 to L4 hours in duration
have been gelected frdm the first 18 orbits of IMP-8 to study the
directioﬁ of propagation of the egecaping continuum radistion at 56.2
kHz. These intervals are all selected such that no radiation other
than the continuum is detectablé. For each interval the begt fit
. ﬁull dirgction 6 and modulation‘factor m are computed and the r.m.s.
error in the fit of Equation 1 to ‘the measured field strengths is
determined. From these quantities the distance of closest approach
of the ray path_to the earth, Pys ﬁrojected into the ecliptic plane,

and the r.m.s. uncertainty,'opi, in p, are computed. Because the
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power Tlux is‘sometimes too smell to provide rellable direction finding
measurements only those cases for which the uncertainty in P, is

less than éARe (ohl.S 2 ﬁe) are used in this study. OF the 184 cases
selected 82 satisfied this error criterion. The threshold power fiux
for providing reliable direction finding measurements (cp¢_£ 2 Re) at

2l atts m 2 Hz '. The median power flux of

56.2 kHz is about 5 x 10~
the 82 casesléelected.for this study is about 1.0 x 10“20 watds m 2 Hz_l,
and the maximum power flux observed is 2 x lO'.19 watts me Hz“l.

The distribution of transverse source positions determined for
these 82 cases is shown in Figure 10. Most of the direction finding
‘measurements show an apparent source position well inside the magneto-
gphere, with transverse soufce'positions typically léss than 8 Re.
However, a few cases are observed with saurge positions as much as 20 Re
from the earth. For the present we consider only those cases for
,ﬁhich the source appears to be definitely‘within the magnetosﬁhere,
specifiéally-those with lpLIIS 8 R,. The aﬁomalous cases with
lo,| > 8 R_ are discussed later.

The ray paths for the cases wiﬁh |pL|‘£ 8 R, are shown in
Figuré 11, projected into the ecliptié plane. ThE-spaceéraft position
for each ray path is shown az a dof and the ﬁrrow indicates the
direction of the null. The apparent, center of the source region‘cén
be estimated from the intersection of ray paths dﬁserved.at various
local timés. It is evident tha$ most of the ray paths tend io inter-
gect on the local morning and local day side of the earth at a fadial

distance, projected into the ecliptic plane, of about 2 Re to 3 Re
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" from the center of the earth.l Tt is also-evident that‘a‘great deal
of écatter exists'in the apparent source position, indicative of a
broad and somewhat variable source region. - |
.A quantitative estimate of the angular size of the source

can be obtained from the modulation factor, m. If the source is
1ocatedfin the plane of votation of the antenna a very small (point)
source produces'a very deep null (m ~ 1), whereas a very broad source
produces véry'little modulation (m ~ 0). In practice, quantitative
.estimateg of the source gize are compliéated.by the fact that the
source is seldom exactly in the plane of rotation of the antenns

(this oceurs only when the geocentrlc solar ‘ecliptic lmtitude of IMP-8
VlB‘ZETO, AGSE = 0°, which happens only tw1ce per orbit). Also the
reéei§er ﬁoise level tends to decrease the modulation factor, parti;
cularly‘at low signal to noige ratios. PFigure 12 shows the distribu-
4ion' of modulation factors for c'ontinuum radiation at 56.2 kHz
'medSﬁred.at times when the earth is within + 20° of the plane of
rotation of the electric antenna (IKGSEI'“ 20 }+ The modulation factar,
M, used in this figure has been corrected for the effects of the
recelver noise level, and also for the first order effect caused by
the deviation of the source location (assumed to be at the center‘of
the earth) out of the plane of rotation of the electric antenna.

This correction is made by dividing the measured;modulation index by
Cos2 A

GSE’

2
M = m/Cos L
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whiech is the éxﬁected variation for a small source located at the
center of the earth. The geocentric golar ecliptic latitude, KGSE’

has been limited to + 20° to limit the size of the Cos® A gorrection,

GSE
as well as other errors, such as polarization dependencles, whigh'
gffect the modulation factor.

From Figure 12 it is seen that the corrected modulation factor
for the continuum radiation is typically about 0.8 to 0.9. A rough
indication of the source size is given at the top of Figure 12, based
on two point sources located in the ecliptic plane on dpposite sidés
of the éarth. Thege data indicate that the source subtends a very
large half angle of about 20° as viewed from IMP—S at radial distances
(projected into the ecliptic plane) of about 20,0 R, to 30.0 R,.

:. Because of the aforementioned corrections which must be performed
:tO-obtain the modulation factor these quantitative determinations of
the source size must be considered somewhat uncertain, particularly
when the continuum radiation is very weak. The actual source sige is.
probably somewhat smaller than indicated by Figure 12 gince most of
the errors introduced tend to decrease the modulation factor, hence
increase the apparent source size. It is clear, however, that the
source of the continuum radiastion is much larger thgn a éource of the

_ purcoral kilometric radiation, which typically has a modulation factor

of 0.95 to 0.98.

B. Spatial Distribution of Intensity
Further information on the source region of the eseaping con-

tinuum radiation can be obtained from the spatiasl distribution of
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intensity. Since the escaping continuum radiation is not reflected

by the magnetopause the regibn of maximum intensity should provide a
-good indiéation of the source region. Date from the IMP-6 spacecraft,
which has a highly eccenbric orbit, must bé used to provide measurements
in‘the source region. Unfortunately the IMP-6 experiment iz about a
factor of 5 less sensitive than the IMP-8 experiment, so the continuum
radiation generally cannot be detected by IMP-6 at large radial
distances or.when the radistion is very weak. The noise level of-

the IMP-6 experiment is about 2.5 x 10-?0 watts m o Hz b at 56.2 kHz.
Since the intengity of the continuum.radiation does vary considerably .
many periods do howevér exist vhen the conbinuum radiation ig suffi-
ciently_intense to provide good measurements of the spatial distribu-
tion with the IMP-6 experiment.

Three céses in which the continuum’radiation #t-56.2 kHz is
sufficiently intense to ¢learly show the radial-variation of the
intensity aré shpwn in Figure 13, TIn each case the spacecraft is
moving outward tB Larger radial distances, from about 3.0 R, to 8.0 Re,
in the iocal morning région of the magnetosphere. The ﬁlasmapause
location is identified on each plot as the point where the local plasma
frequenéy, fp, is approxinaiely equal to 56.2 kHz. The plasms frequency
is obtained from the upper hybrid resonance noise band which occurs
iﬁmedi&tely following the arrow marked f = f? in each plot (see Shaw
and Gurnett [1975] for a discussion of the upper hybrid,resonance
noise). No continuum radiation whatever is defectable inéide of the

pl&smapause. Outside of the plasmapsuse, where f > fp, noderately
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intense continuum radiation is evident in each casé. In'the top two
examples, the makimum intensity of the écntinuum radiation occurs

at the point where the intense upper hybrid noise band occurg. In
tﬁe bottom example, the maximum intensity occurs well beyond the
plasmepause, at a radial distance of ﬁbout 5.0 Re'

To ﬁrovide a quantitative determination of the region of
maximum intensity for the esgcaping contimwum radiatioh the average
power flux has also beeﬁ computed as a function of loecal time and
radial distance at 56.2 kHz using three years of IMP-6 data. To
assure that only continuum radiation is included in this average only
measurements which fluctuate by less than 1 db in any 163.48 second
interval and which have a ratio of peak to average field strength
less than 1.4 are used. The average field strengths obtained, using
‘this selection criterion for the 56.2 kHz channel, are shown in
 Figure 1k. Although considerable scatter is evident in the radial
distribution at low intensitieé a very distinet meximun is evident
in the average power flux at radial distﬁnces ffcm about 3.98 R, to
7.94 R, and in the local time range from about 4.0 hours to 14.0
hours local time. The average power flux in this region, > 5.0 x
10720 yatts n ™2 Hz-l,kis well above the receiver noise level.

Thelfegion of maximum intensity for the escaping continuum
radiation shown in Figure 1k agreesrwell with the source region indica-
ted by the direction finding megsurements in Figure 11 and is alsé
congigtent with the region of maximum intensity found for the trapped

continuum radiation. Based on these resultsz it is concluded that the
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source.reéion of the éontinuumrradiatibn ig located in & broad region
beyoﬁd.the plasmapause boundary (vhere‘f.z fp)'in the morning and
-early afternoon at local times from about 4.0 hours to 1.0 hours.
Since the continuum radiation iz often observed immediately beyond the
plasmapause near the magnetic equator, as in the top two examples of
Figure 13, it is also concluded that the continuum radiation is genera-
ted near the magnetic equator and is not a high latitude suroral-zone
emiggion. A quglitative illustration of the generation region
suggested.by these rgsults is shown in Figure 15. The propaéation
cu;off surface at f - fP tends to fo;lqw the shape of the plasmapanse
because of the rapid change in the electron density near this bowmdary.
The distinct outward bulge iq the plasmasphere in the local evening is

a well known feature of the'plasmapauSe [Carpenter, 1970].
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V. RADTATTON ASSOCIATED WITH THE BOW SHOCK AND/OR MAGNETOSHEATH

As shown in Figufe 10 and discussed earlier a small but distinct
fraction of the direction finding measurements at 56;2 kHz indicate
source locations well outside of the magnetbsphere, with transverge
gource poéitions greater than 8 Re’ and sometimes as large as 20 Re.
These apparently anbmalous cages have.been carefuliy examined.to make
certain that the direcfion finding measurements are not being influ-
enced by some spurious éffect such as telemetry errors or interference
: ffom solar radio noise bursts. No such effect could be found. 1In
many of these cases the computed.ﬁncertainty in the null direction
is very small, less than 1°, indicating that a very religbile fit
was obtained to the observed spin modulation. '

Figure 16 shows the ray path directions, projected into the
ecliptic plane, for the anomalous direction finding measurements at
56 .2 kHz; The most strking feature of this plot is that most of the
ray paths appear to come from the general region of the bow shock and/or
magnétosheath, particularly from the morning side of the magnetosphere.
Similar direction‘finding measurements of continuum rédiation at a
lower frequency of 31.1 kHz show an evén larger fraction of anomalous .
cases with the radiation also appearing to come from the géneral
region of the bow shock and/or magnetosheath.

-In considering possible origins for this anomalous raaiation

two possible explanations have been considered. First, the radiation



25

ma& be generated in the bow shock and/or magnetosheath-and therefore
not related to the magnetogpheric continuum radiation. - Second, it is
'ppssibie that the "anomalous" direction finding results may be the
results of scattering, reflection, or partisl obscuration of the
magnetospheric continuum by the magnetosheath at times when the solar
wind and magnetosheath plasms frequency are unusually high, near 56.2
kHz. The present indications are that the anomalous radiation is |
aétually'generated near the bow shock and is not associated with the
.non-thermal continuum from the magnetosphere. Although usually very
weak the frequency spectrum of the anomalous radiation sometimes
exhibits a distinct enhancement in a single frequency channel,
suggestive of a ling emission rather than a cdntihuum; Since 56.2
kHz is approximately twice the solar wind piasma frequency the most‘
likely possibility is that this radiation is produced st twice the
golar wind plasma frequency by n0n—1inear interacfions'with electro-
static electron plasma oscillatiohé, as suggesﬁed by Ginzburg and
Zheleznyakov [1958] for type III radio noise bursts. The source
location of the anomalous 56.2 kHz radistion, near the bow shock on
the morning side of the magnetosphere, is consistent with the favored
region for electron plasma oscillations excited by energetic electrong
streaming into the solar wind from the 50w shoék [Scarf et al., 1971;
Fredricks et al., 1971]. Electromaghetic emissions of this tﬁpe, at
the second harmonic of fhe plaéma frequency, have been previously ob-

served near the bow shock region by Dunckel [1973].



VI. DISCUSSION

We héve shown that a weak non-thermal continuum is produced by
the earth's magnetosphere extending over a very broad range of
‘frequencies, fram as low as 500 Hz in the low Qensity regions of
the magnetotail to greater than 100 kHz. The intensity of this con-
tinuuw decreases r#pidly with increasing frequency and is usually not
detectable; above the galactic noise background, at frequencies greater
than about 100 kHz. At frequencies below the golar wiﬁd plasma fre-
quency, which is typically about 20 kHz, the continuum radiation is
trapped within the magnetospheric cavity and cannot escape. The Q"
' of the cavity is évidenfly qﬁite low because only a small, factor of
two, increase in intensity is observed as the frequency changes from
the free escape to the trapped regimes. Direction finding'measurementé
indicate a distinet directionality tﬁ the trapped corbinuum radiation
in the disfant magnetotail, with the ray paths aligned roughly along
the earth-sun line, suggesting that the dayside magnetopause boundary
acts as a giant parabolic reflector directing radiation from near the
earth into the dowﬁstreﬁm tall region.

The spatial distribution of intensity for both the trapped and
- freely escaping continuum radiation and the directiog finding megsgure-
ments for the escaping cdmponent all indicate that the radiation is

' generated in a broad region located outside of the plasmapause at
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radial distences from L.0 R  to 8.0 R, and extending through the local
mofning and early afternoon from about 4.0 hours to 14.0 hours local
time. In contrast to auroral kilometric radiation, which is generated
in the high latitude auroral zone regions, the continuum radiation

_ gppears to be generated at low to moderate 1atitudes, including the
magnétic equatof. The continuum radiation is often observed‘iﬁmédiately
beyond the propagation cutoff at. £ =~ fp neay the magnetic equator

with no evidence of an equatorial éhadﬁw zone guch.as ig observed

for surcral kilometric radiation [éurnett, 19741,

Frankel [1973] has proposed that the non-thermal continuum
radiation from the earth's magnetosphere is produced by gyro-synchrotron
radiation from energetic electrons in the outer radiation zone. In
many respects the results of this study are in reasonably good agree-
ment with Frankel's calculations. The frequency spectrum of the
escaping radiation, the radial location of the source, and the power
flux (within a factor of 5 to 15, depending on the modei) are all in
tolerable agreement with the gyro-synchrotron radiation model. DNo
calculstions are available for comparison‘with the trapped continuum
radiation. However, some problems are presénted.by these new data.

As shown by the intensity mesgsurements in Figureé 9 and 14 a pronounced
local time assymmetry is evident in the source intensity, with a

_ distinct meximum in the range from 4.0 hours to 14.0_hours local time.
Since.mosé‘of thé energy radiatedfby the gyro-synchro&ion mechﬁnism
comes from elcctrﬁns with energie; from 100 keV to 500 keV it is hard

to see how this loeal time aésymmetry can occur for these very high
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energies. The dawn to dusk electric field within the magnetosphere
"does tend to increasge the electron energies in the local morning
region by on the order of lb‘kev; hqwefer this energy change is
egsentially trivial for the electrons contributing to the gyro-
‘synchrotron radiation. It is possible that the evening bulge in the
plasmasphere may be able to account for part of this agsymmetry,
‘although it seems unlikely that the bulge can account for the large
ssymuetry actually observed.
| The radial intensity profiles of the continuum radiation, such
as shown in Figure 13, algo do not agree with what would be expected
for the gyro-synchrotron mechanism. For the synchrotron mechanism .
one would expect the iﬁtensity 4o gradually increase with incréasing
| radial distance beyond ﬁhe plaémapause_wiﬁh the maximum intensify
occurriﬁg néar the center of the emitting region. ‘Instead‘the maximum
intenéity sametimes occurs almost immediately after crossing the
- plasmapause {as in the %top twp'panelé of Figure 13), directly in.the
region wﬁere the electrostatié noise bands at f.m fp are observed.
Cgses of this type strongly sﬁggést that the electrostatic noise
bands at £ ~ fp are in some way dloséiy aSsociﬁted.with the generation
of the continuﬁm radiation. |

Recently Shaw and Gurnett [1975] completed a étudy of the
electrostatic noise bands of the type illustrated.in;Figure 13.
These noise bands are shown to consisf of high order (n + l/2)fg
harmonics of the electron gyrofrequehpy which become strongly enhanced‘

at freqﬁencies near the local plasma freqﬁency. These noise bands are
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essentially a permanent feature of the magne£05phere and, interestingly,
‘hgve maximum intensity in the same locai time range in which the
continuum :adiation appears té be generated. Since the power radiated
by the incoherent gyro-synchrotron mechanism is aboﬁt g factor of 5 to
15 too small [see Frankel, 1974) it may be that electrostatic waves

of this type play an important role in the genefation of eledtromag—

netic radiation at frequencies above the local plasma frequency.
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FIGURE CAFTIONS

The electric field intensities observed at 16 frequencies
for & 24 hour period of IMP-B dats in the solar wind. The
amplitude range for each frequeﬁcy represéqts a dynamic
renge of 100 db. During this day only one imterval,

from about 1005 UT to 1115 UT, occurs in which the intensity
of the auroral kildmetricrradiation drops to a level
sufficiently low to determine the complete spectrum of the

non-thermal continuum.

A selected continuum spectrum in the distant magnetotail.

Note that the spectrum of the continuum radiation extends

to considerably lower frequencies in the magnetotail than

in the solar wind.

Selected spectrums of the non—fhermal continuum at various

local times. The abrupt cutoff in the solar wind spectrums

at about 20 kHz occurs at the local solar wind plasma

frequency. Note that the spectrum in the magnetotail

extends to frequencies well below the cutoff obgerved in

the solar wind.
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Figure-h The spectrums of the géiactic bacﬁground, the auréral
kilametric radiation, and the non-thermal continqum radia-
tion as would be cbgerved b& a satellite about 30 Re from
the earth. The traﬁped continuum radiation can only be

detected within the msgnetospheric cavity.

Figure 5 | Direction finding measurements showing the shift in the
null direction, 6, and the modulation factor, m, of the
continuum radiation at the solar wind plasma frequency.
Thesé measurements were made in the magnetotaii at a

local time of 22.5 hours.

Figure 6 Direction finding ﬁeasurements in the magnetotail similar
to Figure 5 except at a local time of 1.8 hours. In both
cases the null direction,of.ﬁhe'frapped continuum raaia-
tion shifﬁs toward the sun at frequencies below the solar

wind plasma freguency.

Figure 7 A series of measurements in the magnetotall showing that
the null direction of the trapped continuum radiation is

consistently aligned along the satellite-sun line.

Figure 8 A qualitative indication of the ray peths fram a source
near the earth at frequencies above and below the plasma

frequency in the magnetosheath. When f < £ (ma.gnetosheath)
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reflections at the magnetopause tend to align the average
ray path direction in the distamt magnetotail along the

earth-sun line.

Figure 9 The intensity distribution of the trapped continuum
radigtion at 16.5 kHz. A distinet maximum iﬁ the radiation
intensity occurs in the local time range from h.0 hours to
14.0 hours at radial distances from about 5.01 R, to

7.9 R

Figure 10 The distribution of transverse source positions obtained
for 82 direction finding measurements of the escaping
contiﬁuum radistion at various local times around the

egrth.

Figure 11 Ray paths obtained from direction finding ﬁeasurements of .
" the escaping éontinuuﬁ raﬁiation at various locsl times.

Most of the radiastion appears to be coming from the lbcal

morning and early afternoon at a radial distance of about

2 R, to 3 R, from the center of the earth.

Figure 12 The modulation f;ctor of the escaping continuum radiation
7 corrected for errors introduced by the receiver noige level
and the latitudihal location of the source. The angular
gize of the source‘can be roughl& estimated from the modﬁ-

lation factor.



Figure 13

Figure 1k

Figure 15

~ Figure 16
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The radial variation of intensity for three cases in which
the intensity of the continuum radiation is well above

the noise level of the IMP-6 experiment. In some cases. the
continuum fadiation appears to be closely associated with
the electrostatic noise baﬁds at £ fé located mear the

plasmapause.

The distribution of intensity of the escaping continuum
radiation at 56.2 kHz. Again a distinct maximm is evident
in the local time range from 4.0 hours to 14.0 hours just

beyond the plasmapause.

A qualitative sketch of the source region of the continuum
radiation indicated by the direction finding measurements
in Figure 11 and the intensity digtributions in Figares 9

and 1k,

The ray path directions for the anomalous direction finding
measurements at 56.2 kHz. Note that many of the ray paths
appear to intersect near the bow shock on the morning

side of the earth.
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